Abstract: This work presents a volume translation for the Peng-Robinson (PR) cubic equation of state (EOS) for a better description of densities. A viscosity model has been developed based on the similarity between PVT and TμP relationship. The viscosity model can also describe the relation of the saturated vapor pressure with temperature. The volume translated PR EOS and the EOS based viscosity model are applicable to both liquid and gas phase and both sub and supercritical regions for pure hydrocarbons.
INTRODUCTION
The van der Waals type cubic equation of state, such as the Soave-Redlich-Kwong (SRK) and Peng-Robinson (PR) equations of state [1, 2] , is widely used for representing vapor-liquid equilibrium data in the oil and natural gas industry. However, it is well known that the SRK EOS usually produces poor results for saturated liquid and supercritical densities and excess enthalpies. To improve the volumetric property prediction ability of the SRK EOS, Peneloux and Rauzy [3] proposed a constant volume translation method for liquid densities. For further improving the capability of the SRK EOS representing volumetric properties, especially in the near critical region, Chou and Prausnitz [4] , Ji and Lempe [5] , Wang and Gmehling [6] proposed a few temperature-dependent volume translation methods. Later, in order to obtain a better description of saturated liquid densities for PR EOS, Ahlers and Gmehling [7] adopted the idea of a constant volume translation and proposed a volume translated PR EOS (VTPR). In the VTPR model, the temperature dependent volume translation method of Ji and Lempe (J-L model) was also tested for the PR EOS. In Ahlers' study, the weakness of the J-L model was highlighted. Indeed, a temperature dependent volume translation in the sub critical region would lead to overcrossing isotherms in the supercritical region Fig. (1) shows the comparison of the calculated molar densities based on different volume translation models with experimental data and original PR EOS at the critical isotherm of carbon dioxide; Pfohl [8] also observed similar problems for a temperature dependent volume translation based on SoaveRedlich-Kwong equation of state). Up to now, the method of a temperature dependent volume translation is limited to the sub critical region, and the over-crossing problem in the supercritical region is unsolved. Numerous viscosity graph and correlation for hydrocarbon liquids and gases are available in the literatures; there are main drawbacks in their utilization:
1. Application range and accuracy are limited.
2. Smooth transition in the near-critical region cannot be achieved since the viscosity of liquid phase and gas phase are calculated by using different graphs/correlations.
3. Separate density correlation is required since density is general involved in evaluating the fluid viscosity.
The similarity between the PVT and Tμ (viscosity)P relationship was first pointed out by Philips in 1912 [9] . Little and Kennedy [10] developed the first EOS-based viscosity model using the van der Waals EOS. Lawal [11] proposed a viscosity model based on the four-parameter Lawal-Lake-Silberberg EOS that was applicable to pure hydrocarbons and their mixtures. In 1997, Guo et al. proposed two viscosity models, one of them is based on the Petal-Teja EOS and another is based on the PR EOS [12] . In 1999, Guo revised the viscosity model based on the PR EOS and the prediction accuracy was improved (see Appendix A, hereafter named as PR viscosity model) [13] . The major advantages of developing a viscosity model based on an equation of state are:
1. The viscosity of both gas and liquid phases can be described by a single model, achieving smooth transition of liquid/gas viscosity in the near-critical region.
2. Both high pressure and low pressure data can be correlated, and density is not involved in evaluating the fluid viscosity.
However, in all of these proposed models, the saturated vapor pressure was not considered in the correlation of experimental data of the TμP relation. Therefore, vaporliquid equilibrium computation and viscosity calculations cannot be performed using a single model. Thus, thermodynamic consistency in process and reservoir simulation should be improved.
In this paper, a modified temperature-dependent volume translation is proposed for the PR EOS. The new model will be both suitable in the near and far from the critical point, as well as in the sub-and supercritical regions for the correlation of saturation density and PVT behavior. A viscosity model will be proposed based on the PR EOS and the similarity between the PVT and TμP relationship. The viscosity model will be applied for both the saturation vapor pressure and viscosity prediction of hydrocarbon liquids and gases. Based on the idea of volume translation for the PR EOS, the new viscosity model will be extended to supercritical region using a viscosity translation method.
MODEL DEVELOPMENT Volume Translation for PR EOS
The equation of state used in this work is the PengRobinson EOS:
Where a and b are energy and size parameters, respectively. The pure component parameters a and b can be obtained from the generalized correlation using critical constant T c and P c
Where the -function proposed by Twu et al. [14] is used:
The Twu's -function is continuous at the critical point when different parameters in the sub-and supercritical region are chosen. Moreover, it extrapolates very well at supercritical conditions without exhibiting abnormal characteristics, and this function can approach zero, when there is no interaction between the molecules exists. Based on thisfunction, the Twu's parameters L, M, and N were fitted for more than 65 compounds based on vapor pressure data. Part of these parameters was published in literature [15] and will be used in this paper.
With these new parameters, the accuracy for saturated vapor pressures has been significantly improved compared to the original PR EOS.
In this work, the VTPR model and the Chou-Prausnitz near-critical volume translation term will be modified as follows (hereafter named as T-VTPR):
Where PR v refers to the molar volume calculated from PR EOS without volume translation. The constant c can be calculated from following generalized relation [7] :
In which Z c is the experimental critical compressibility. The following -function is proposed:
In Eq. (8) the Twu -function is used and the original parameter N and M will be retained, while the parameter L is replaced by parameter c 1
Because the -function is continuous at the critical point, the parameter c 1 can be determined from the regression of saturated liquid densities in the sub critical region and from the PVT data in the supercritical region separately. The values of parameter c 1 are vary from negative to positive for different substances, so that the -function will vary between zero and large positive values. For the correlation of PVT data in sub critical region, the calculated saturation liquid density and the critical density data from PR EOS are used to calculate d r in Eq. (8) 
In Equation (10) 
In the supercritical region:
In Equation (12), d r is the reduced density calculated from the PR EOS along the critical isotherm line at a given pressure P and it is used as reference for the volume translation. In this case, the -function is both temperature and pressure dependent:
By the above definitions we can summary that the reference state is, in the sub critical region, along the saturated liquid density line up to critical point; in the supercritical region, along the critical isotherm density line. Therefore, the volume translation will be continuous. It is well known that a temperature dependent volume translation will not influence the calculation of equilibrium condition, as mentioned by many authors [6, 15] . The introduction of d r as reference state can eliminate the over-crossing problem. In the supercritical region, especially along the critical isotherm line and far from the critical point, the value of d r is positive, and its value will increase significantly with increasing pressure. This leads to the -function approaching a small value at high pressures. 
Viscosity Model Based on PR EOS
Based on the similarity of PVT and TμP relationship, the positions of T and P in the PR EOS are interchanged; v is replaced by μ, and gas constant R is replaced by r (defined subsequently). Eq. (1) is then transformed to the following PR viscosity equation:
It is well known that the critical compressibility factor Z c can be used to represent the gas constant R for the PVT properties with
( 1 8 ) Therefore, r c can be calculated from following expression:
( 1 9 ) In this paper, the critical viscosity μ c is calculated from the empirical correlation proposed by Uyehara and Watson [16] :
The temperature dependence of r can be correlated from the experimental saturated vapor pressure data at specified temperature and saturated liquid viscosities [17, 18] . In the regression, the following expression was used to represent the relationship of the saturated liquid density vs. temperature:
For each substance, specific parameters A and B are fitted according to a defined temperature range, and the accuracy is usually within 1% (average relative deviation). Therefore, the saturated liquid viscosity is dependent with temperature; with the temperature known, the saturated liquid viscosity will be specified from Eq. (21). Finally, a relationship for the temperature dependence of r was obtained:
The parameters m of alkanes was generalized into following expression of acentric factor m = 1.538 + 1.40 0.554 2
Eq. (15)~(17) and (19)~(22) can be used to predict the saturated vapor pressure at specified temperatures and viscosities, or predict the viscosities of saturated liquid and gas phase at specified temperature and pressure. In solving Eq. (15), three viscosity roots were obtained at the specified temperature and pressure at the sub critical region. The correct viscosity root is chosen as follows:
(1) In the sub critical gas region (when the pressure is lower than the saturated vapor pressure at prevailing temperature), choose the smallest real root greater than b, as b representing the asymptotic value of ideal gas viscosity at infinite temperature.
(2) In the liquid region (when the pressure is greater than the saturated vapor pressure at prevailing temperature), choose the maximum real root. The saturated vapor pressure (P s ) were calculated using the Antoine equation for P S <1500mmHg, and from the Lee-Kesler equation for P S >1500mmHg in the root selection procedure.
(3) In the supercritical region (when T > T c , as described subsequently), only a real root is obtained.
Extension of the Viscosity Model to Supercritical Region by the Idea of Temperature Dependent Volume Translation of PR EOS
For the extension of above viscosity model to the supercritical region, the prediction results of the proposed PR viscosity model is tested at first to predict the viscosity of supercritical fluids. The deviations of the predicted viscosities to the experimental data ( μ= μ PR1 μ exp ) of n-butane were plotted in Fig. (3) . From Fig. (3) it can be seen that μ shows a linear behavior with the increase of pressure. Therefore, a linear term with form c o +c 1 P r is chosen for the correction of μ:
where
Where μ c exp is calculated from Eq. (20) . To avoid a overcrossing problem for the viscosity in the supercritical region, a reference state is chosen as following: Fig. (3) . Deviations of the predicted viscosities to the experimental data of n-butane.
Where for methane the parameter equals to -1, and for other substances equals to 1. The reduced viscosity μ r is a reference state chosen for the viscosity translation. It is defined as
The above proposed PR viscosity model and its extension to supercritical region are hereafter named as PR1 model. Table 1 and Table 2 list the calculated results for the saturated liquid densities and supercritical PVT based on the PR, VTPR and the proposed T-VTPR models and the comparison to the experimental data [19] for selected substances. From Table 1 it can be seen that the deviations of the calculated saturation liquid densities from experimental data are remarkable reduced by the new model than the VTPR and PR EOS. Fig. (4) shows the detailed calculation results for the different models and a comparison with experimental data for the saturated liquid densities of propane and hexane. From Fig. (4) is obvious that both the VTPR and PR EOS do not provide satisfactory prediction in the near critical region, while the T-VTPR model can provide a better description of the experimental data. Table 2 shows the deviations of the calculated results to the experimental supercritical PVT data [19] of carbon dioxide, methane, ethane and propane are 2.28% by the T-VTPR model, 2.73% by the VTPR and 2.81% by the PR EOS. Considering these data cover a large temperature and pressure ranges and are taken from many different sources [19] , the new model provides results that are close to the average experimental error distribution. Table 3 . Fig. (6) shows a comparison of the predicted saturated viscosities based on the PR1 and original PR viscosity model for undecane. From Table 3 and Fig. (6) we can see that the new model has achieved a significant improvement to the original PR viscosity model.
RESULTS AND DISCUSSIONS
The predicted saturated vapor pressure for 23 pure substances based on the PR1 model at specified temperatures and viscosities were compared with the experimental data [17, 18] , the results are summarized in Table 4 . Satisfactory results have been achieved with an average relative deviation (AAD%) equals to 3.01%. The original PR viscosity model was not used to do parallel calculation because the saturated vapor pressure data was not employed for its parameter fitting. Fig. (4) . Calculated results from PR, VTPR and T-VTPR models for saturated liquid densities and the comparison with experimental data of propane and hexane. Data sources (Lu, 1982; Ma, 1993) .
Fig. (6).
Comparison of the predicted saturated viscosities based on the PR1 and original PR viscosity model for undecane. Table 5 . The specified parameters obtained from the viscosity translation are listed in Table 6 . Fig. (7) shows the comparisons of the predicted supercritical viscosities based on the PR1 and original PR viscosity model for n-butane. From Table 5 it can be seen that although the viscosity data of API [20] cover a large range of temperature and pressure, the calculated results from the new model and the original PR viscosity model are both satisfactory, better results have been achieved from the new model.
CONCLUSIONS
A temperature-dependent volume translation model is proposed for Peng-Robinson equation of state, which is applicable both in the near and far from the critical point, as well as in the sub-and supercritical regions. Satisfactory correlation results for saturation density and PVT behavior of light hydrocarbons and carbon dioxide are obtained. A new viscosity model is also proposed in this paper based on the Peng-Robinson equation of state and the similarity between the PVT and TμP relationship. Using a viscosity translation method based on the idea of volume translation for the PR EOS, the viscosity model has been applied to calculate the saturation vapor pressures and viscosities of hydrocarbon liquids and gases. 
